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RESISTANCE TO HEAT CHECKING OF CHILLED IRON CAR
WHEELS, AND STRAINS DEVELOPED UNDER
LONG-CONTINUED APPLICATIONS OF
BRAKE SHOES
I. INTRODUCTION
1. Purpose of Investigation.-The investigation whose results are
presented in this bulletin was undertaken primarily to study the
effects of long-continued applications of brakes upon the treads of
chilled iron car wheels, particularly as regards the development of heat
checks, cracks, and brake burns. The secondary purpose was to de-
termine the strains and the stresses set up in a wheel under such brake
applications.
When brakes are applied to stop a train the duration of the ap-
plication is short, although the brake shoe pressure may be high.
When, however, the brakes are used to control the train's speed on a
descending grade, the brakes may be kept applied for long periods,
but under shoe pressures which are generally much lower than those
employed in making a stop. In the latter instance the total energy
dissipated by the brakes is generally much greater than in the former,
and the resulting heat may damage the wheels.
2. Test Procedure and General Results.-In the investigation six
chilled iron wheels were used, differing somewhat in weight, tread
contour, composition, and manufacturing treatment. Wheel No. 1 was
subjected to shoe pressures of 1000, 1500, 2000, 3000, and 4000 pounds,
the other wheels to a pressure of 3000 pounds only. These six wheels
were subjected to a total of 270 brake applications, most of them with
the rim speed kept constant at 25 miles per hour, and the shoe applied
continuously for 48 minutes. With only two exceptions, the applica-
tions at 4000 pounds shoe pressure were made at 15 miles per hour
and lasted 80 minutes. Each of these combinations of speed and dura-
tion result in a travel of the test wheel tread equivalent to 20 miles.
Wheel No. 1, which was tested throughout the entire pressure range,
was subjected to 150 applications and was under brake shoe action
for the equivalent of 2985 miles; wheels Nos. 2 and 3, to thirty appli-
cations and for 600 miles, each; and wheels Nos. 5, 6 and 7, to twenty
applications and for 400 miles. The details of the test program are
presented in Table 5. The results of the tests are set forth in detail in
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Chapter IV, and it is sufficient, therefore, here to summarize them
very briefly.
Applications at 1000, 1500, and 2000 pounds shoe pressure did not
damage wheel No. 1 to any considerable extent; only a few heat
checks and short cracks had developed upon the completion of the tests
at these pressures. Pressures of 3000 pounds damaged not only the
tread of wheel No. 1, but those of all the five other wheels, which
had not been subjected to the preliminary tests at lower pressures.
This pressure produced on all six wheels numerous cracks, many
of them longer than 2% inches-the current condemning limit. The
4000-pound applications caused additional damage to wheel No. 1. No
"comby" spots or "shell-outs" were produced on any of the wheels
during the entire investigation.
Neglecting the effect of combined stresses, the maximum direct
stress developed in wheel No. 1 occurred under 4000 pounds shoe
pressure. This was a radial tensile stress on the outer surface of the
plate near the hub, and amounted to 23 300 pounds. The stresses set
up in directions at right angles to the wheel radii were insignificant
in amount.
3. Acknowledgments.-This investigation was undertaken as one
of the researches of the Engineering Experiment Station of the Uni-
versity of Illinois, in co6peration with the Association of Manufac-
turers of Chilled Car Wheels. The University and this Association
shared the expense.
In accordance with the general practice of the Experiment Station
in such researches, the scope of the tests and the general program were
defined by an Advisorjr Committee, on which the Association was
represented by Mr. F. K. VIAL, Vice President, in charge of Research,
and S. C. MASSARI, Metallurgist. About midway in the investigation
Mr. Massari's place was taken by Mr. C. M. STONER, Engineer of the
Association. The Experiment Station's representatives on the com-
mittee were professors EDWARD C. SCHMIDT and HERMAN J. SCHRADER.
As stated, this research was part of the work of the Engineering
Experiment Station of the University, of which DEAN M. L. ENGER is
the Director. The conduct of the tests, the calculations and analysis
of the data, and the preparation of the report were under the ex-
clusive control of the Railway Engineering Department, which acted
for the Station, and which assumes full responsibility.
Special acknowledgment is made of the assistance received from
Mr. C. L. THOMPSON, formerly Associate in Ceramic Engineering, who
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determined the coefficients of thermal expansion of the wheel material;
and from Mr. R. L. BROWN, Research Associate in Theoretical and
Applied Mechanics, who established the relations between strain and
stress for the wheel metal.
At the time this investigation was undertaken the Association of
Manufacturers of Chilled Car Wheels entered into a similar agreement
with the Department of Theoretical and Applied Mechanics of the
University for an investigation of the stresses produced in chilled
wheels under various conditions of loading. This research was carried
on by Messrs. Richart, Brown, and Jones, and its results have been
published in Bulletin No. 294 of the Engineering Experiment Station,
which is entitled "Tests of Strength Properties of Chilled Car Wheels."
II. WHEELS, BRAKE SHOES, AND TESTING EQUIPMENT
4. Wheels.-Six wheels were tested. Throughout this report they
are designated as Nos. 1, 2, 3, 5, 6, and 7, respectively. They were
furnished by the Association of Manufacturers of Chilled Car Wheels,
and were made by the Griffin Wheel Company at one of its Chicago
plants. They were all 33-inch chilled iron single-plate wheels of cur-
rent standard design.
The nominal weight of wheels Nos. 3 and 6 was 750 pounds, of the
others 700 pounds. They differed somewhat in manufacturing process
and in chemical composition, as indicated in Tables 1 and 2. The
tread of No. 7 had a straight taper of one in twenty; the tread and
flange contour of all the others conformed to the current standard of
the Association of American Railroads, as defined in the Wheel and
Axle Manual, February, 1935, of its Mechanical Division, in Fig. 62,
page 87. These contours were maintained throughout the tests.
Both at the beginning and at the end of the investigation the hard-
ness of the wheel treads was determined, by means of a Shore sclero-
scope, at twenty points on each wheel. These determinations were
made along four lines marked on the tread, parallel to the axle and
90 degrees apart, at five spots on each line. Table 3 shows the results
of these measurements and also the sizes of the wheels before and
after the tests.
5. Brake Shoes.-The brake shoes used during all tests were plain
unflanged cast-iron shoes with chilled ends. They were obtained from
the American Brake Shoe and Foundry Company, which designates
them as "Special Chilled" shoes, style C-4, pattern No. C-40. This
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TABLE 1
GENERAL INFORMATION REGARDING TEST WHEELS
Test Manufac- Nominal Date of Ladle Kind of Time in Tempera-
Wheel turer's Weight Date of Ladle Primand o Primary ture at
No. Wheel lb. Casting Treatment Pitry Pit Transfer
o. No. hr. deg. F.
1 A23676 700 4-27-34 2 lb. S.M.* Standard 68 1280
2 A23681 700 4-27-34 None Standard 68 1280
3 697388 750 10-21-35 12 lb. Chrome Electric Oven 7% 1600t
5 697349 700 10-25-35 5 lb. Chrome Electric Oven 7)Y 1600t
6 129174 750 9-20-35 4 lb. Chrome Oil Fired Oven 20 1360
7 A23719 700 4-27-34 None Standard 68 1280
*S.M. consists of 47 to 54 per cent silicon, 20 to 25 per cent manganese, and 25 to 30 per cent iron.
fWheels 3 and 5 were cooled in the electric oven at a rate of about 40 deg. F. per hour.
TABLE 2
CHEMICAL COMPOSITION OF TEST WHEELS
Carbon
Number Manganese Phosphorus Sulphur Silicon
Graphitic Combined Total
1 2.69 0.78 3.47 0.52 0.346 0.116 0.54
2 2.68 0.72 3.40 0.53 0.341 0.142 0.52
3 2.72 0.70 3.42 0.53 0.307 0.134 0.61
5 2.53 0.87 3.40 0.51 0.312 0.157 0.71
6 2.78 0.69 3.47 0.57 0.312 0.143 0.60
7 2.70 0.86 3.56 0.55 0.318 0.115 0.55
TABLE 3
DIAMETER AND TREAD HARDNESS OF WHEELS BEFORE AND AFTER TESTS
Wheel
No.
(1)
1
2
3
5
6
7
Test
Series
Num-
ber
(2)
3500
3501
3502
3503
3504
3505
3506
3509
3510
3511
Circumference
ft.
Before
(3)
8.630
8.630
8.630
8.625
8.609
8.609
8.641
8.609
8.589
8.591
After
(4)
8.630
8.630
8.625
8.620
8.604
8.609
8.625
8.604
8.584
8.589
Diameter
in.
Before
(5)
32.96
32.96
32.96
32.95
32.88
32.88
33.01
32.88
32.81
32.82
After
(6)
32.96
32.96
32.95
32.93
32.86
32.88
32.95
32.86
32.79
32.81
Hardness by Shore Scleroscope
Before
Max.
(7)
69
65
63
62
69
69.5
Min.
(8)
59
55
53
47
51.5
62
Av.
(9)
63.7
60.2
57.9
55.0
60.3
65.3
Max.
(10)
66
73
69.5
68
71
71
Min.
(11)
60
59
57
58
61
61
Av.
(12)
62.2
66.3
64.2
62.6
66.3
65.1
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TABLE 4
BRINELL HARDNESS, THICKNESS, AND WEIGHT OF BRAKE SHOES BEFORE
AND AFTER TESTS
Average Brinell Hardness of Shoe
Weight
lb.
Shoe
No.
(1)
40
41
42
43
44
45
46
47
150
151
152
153
154
155
160
161
162
163
164
165
166
Before
(8)
1.36
1.35
1.24
1.12
1.24
1.22
1.36
1.36
1.38
' 1.31
1.33
1.31
1.36
1.33
1.42
1.36
1.39
1.39
1.40
1.37
1.36
shoe is used chiefly on freight cars, and is fairly typical of the plain
cast iron shoes which preponderate in freight service. They were re-
ceived in two shipments, and were numbered, respectively, 40 to 49
and 150 to 169 inclusive.
From one to three sixteenths of an inch was ground from the face
of each shoe to remove surface hardness, and to fit the shoe to the
test wheel. Thus prepared, their hardness was measured, by means
of a Brinell machine, at seven points on the contact face; and these
measurements were repeated after the shoe was withdrawn from test
service. The results appear in Table 4. The values given in columns
2 and 4 of this table are the averages of four determinations-two
near each end of the shoe in the chilled material. The values in
columns 3 and 5 are averages of three determinations made along
the longitudinal center line of the shoe face-one at the middle, and
one 2/2 inches each way therefrom. Before and after its test service
each shoe was weighed, and its thickness was measured at four points
Before
Average Thickness
in.
After
(7)
13.16
11.87
12.07
9.15
15.95
10.98
12.69
11.30
12.47
12.66
14.24
12.12
12.08
13.65
13.07
14.60
12.20
16.03
12.82
16.18
17.87
Chilled
End
(2)
460
491
437
447
438
478
423
415
460
515
488
507
489
475
470
480
515
524
470
478
498
Chilled
End
(4)
408
424
446
309
416
431
431
444
368
395
409
357
357
377
382
369
389
438
359
408
438
After
Body
(5)
343
398
291
282
265
296
302
297
270
235
264
250
285
270
264
265
239
246
246
264
269
Before
(6)
18.38
18.53
17.39
16.05
17.54
17.17
19.06
18.91
18.34
17.57
18.19
17.87
18.09
18.33
18.90
18.78
18.56
18.93
19.03
18.63
19.11
After
(9)
0.92
0.80
0.80
0.55
1.11
0.71
0.84
0.73
0.84
0.86
0.96
0.78
0.80
0.90
0.88
0.99
0.80
1.12
0.83
1.14
1.25
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-two on each side, one and one-half inches from the ends. The
weights are given in columns 6 and 7 in Table 4, and the average
thickness in columns 8 and 9.
6. Testing Equipment.-The tests were made by means of the
brake-shoe testing machine of the Railway Engineering Department,
which, in all fundamental features, is like the original machine of the
former Master Car Builders' Association.* It consists essentially of
a car wheel keyed to a main shaft which carries also a heavy flywheel.
This system may be rotated at any desired speed by means of a steam
engine which drives the shaft through a pulley and a clutch.
The shoe to be tested is held in a brake-shoe head of special de-
sign and is suspended above the wheel from one of a pair of levers
by means of which the shoe may be applied to the wheel with any
desired pressure up to a maximum of 20 000 pounds. The tangential
pull of the shoe which is developed when it is thus applied to the
rotating wheel is transmitted by a horizontal yoke to a dyna-
mometer which makes a continuous graphical record of the pull. In
making constant-speed tests such as are here under discussion, the
machine is brought up to the desired speed, the brake shoe is applied,
and the wheel is constantly driven at the desired speed against the fric-
tional resistance of the applied shoe.
Strains produced in the wheel due to the heat generated by the
brake application were measured by means of a Berry strain gage on
wheel No. 1 only. The gage holes for the radial strains were two
inches apart and were located on two radii. Along these same radii,
but at right angles to them, were located the holes for the measurement
of "tangential" strains. For the measurement of strains in the plate
of the wheel there were, on both its outer and inner faces, eight gage
lines for radial strains and eight for tangential strains. For the
measurement of tangential strains in the rim of the wheel there were
on each face four additional gage lines. All gage lines are shown in
Fig. 1. They are designated throughout the report by their respective
numbers, accompanied by either the letter R or T, depending upon
whether their direction was radial or tangential; and also by either
the letter 0 or I, depending on whether they were located upon the
outer or the inner wheel face.
Since for each strain measurement the concurrent temperature of
*The original machine is described in the Proceedings of this Association, in Vol. 28, 1894,
pages 154-161. The University of Illinois machine is illustrated and described in Bulletins 135
and 257 of the Engineering Experiment Station.
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FIG. 2. APPLICATION OF THERMOCOUPLES AND SLIP RING CONNECTIONS
the material is needed in order to convert strain into stress, thermo-
couples were inserted in the wheel adjacent to all gage lines. Their
location is shown in Fig. 1. For the gage lines in the plate of the
wheel eight couples were there inserted in its center, being located on
two radii closely adjacent to the gage line axes. These couples are
numbered 3, 4, 5, 6 and 10, 11, 12, 13. They served for the plate stress
determinations on both wheel faces. In the rim of the wheel, on each
face, four additional thermocouples were placed adjacent to the cor-
responding gage lines. Couple No. 7 was placed within the hub, as
shown in the figure; and on the same radii as the plate couples were
two more, inserted from the outer face to within one-half inch of the
surface of the wheel tread.
All thermocouples were made of 22-gage copper and constantan
wire. Each was connected to a pair of slip-rings carried on an exten-
sion of the shaft of the testing machine; and from them the connec-
tions were extended to the switch box, the cold junction, and the po-
tentiometer. Figure 2 shows the attachment of the couples to the
wheel, and their connection to the slip-rings. The recording table
arrangements are shown in Fig. 3.
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FIG. 3. ARRANGEMENT OF RECORDING TABLE
III. TEST PROGRAM AND PROCEDURE
As stated in the introduction, the main purpose of the investigation
was to study the resistance of the wheel treads to long-continued
brake applications; and the secondary purpose, to determine the
strains developed by such applications. The tread endurance determi-
nations were made on all six wheels. The strain measurements,
however, were made on wheel No. 1 only, and during only a portion
of the regular runs made with that wheel.
Since at the outset there was no information as to the shoe pressure
which would be likely to damage the tread, the applications for the
first wheel tested (No. 1) were begun at the low pressure of 1000
pounds, and the pressures were successively increased to 1500, 2000,
3000, and 4000 pounds. The tests with wheel No. 1 having shown that
repeated applications at less than 3000 pounds caused very slight
damage, the five other wheels were subjected to a shoe pressure of
3000 pounds only.
7. Test Program.-The general test program is shown in Table 5,
which indicates for each wheel the various combinations of shoe pres-
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TABLE 5
PROGRAM OF TESTS
Duration of Each
Series Test e Brake Wheel Applica- Number Application Milesies Shoe Shoe Rim of
No. Wheel tion Brake
No. No. Pressure Speed No. Applica- Applied
lb. m.p.h. min. miles
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
3500 1 40 1000 25 1-30 30 48 20 600
3501 1 40 1500 25 1-30 30 48 20 600
3502 1 41 2000 25 1-30 30 48 20 600
3503 1 42 3000 25 1-13 13 48 20 260
1 43 3000 25 14-27 14 48 20 280
1 44 3000 25 28-30 3 48 20 60
3504 1 45 4000 15 1-10 10 80* 20* 192.5
1 46 4000 15 11-20 10 80* 20* 192.5
1 47 4000 15 21-30 10 80 20 200
Total miles brake applied to Wheel No. 1 2985.0
3505 2 150 3000 25 1-13 13 48 20 260
2 151 3000 25 14-23 10 48 20 200
2 152 3000 25 24-30 7 48 20 140
Total miles brake applied to Wheel No. 2 600
3506 3 153 3000 25 1-12 12 48 20 240
3 154 3000 25 13-21 9 48 20 180
3 155 3000 25 22-30 9 48 20 180
Total miles brake applied to Wheel No. 3 600
3509 5 160 3000 25 1-13 13 48 20 260
5 161 . 3000 25 14-20 7 48 20 140
Total miles brake applied to Wheel No. 5 400
3510 6 162 3000 25 1-15 15 48 20 300
6 163 3000 25 16-20 5 48 20 100
Total miles brake applied to Wheel No. 6 400
3511 7 164 3000 25 1-14 14 48 20 280
7 165 3000 25 15-18 4 48 20 80
7 166 3000 25 19-20 2 48 20 40
Total miles brake applied to Wheel No. 7 400
*Tests 3504-6 and 16 were special tests of 50 minutes duration and equivalent to a 12.5-mile run.
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sure and speed to which it was subjected, the number of applications
at each combination, their duration, and their mileage. The tests were
made in numbered series, the series changing with any change in the
wheel used or in the shoe pressure. Each application constituted a
test, and was given its own number within the series. For example,
the fourth of the thirty tests run at 1000 pounds pressure, 25 miles
per hour, and 48 minutes duration, is designated as test No. 3500-4.
During the investigation the six wheels were given a total of 270
brake applications, of which 240 were at 25 miles per hour and lasted
for 48 minutes. Under these circumstances the wheel tread travel is
equivalent to 20 miles actual travel in service. Twenty miles was
somewhat arbitrarily chosen as representing conditions which may
prevail in service in controlling trains on long grades. The remaining
30 applications were made at 15 miles per hour. These were all tests
on wheel No. 1, run at 4000 pounds shoe pressure-28 of them with
a duration of 80 minutes, again equivalent to 20 miles; and 2 special
tests of 50 minutes duration, equivalent to a run of 12.5 miles. As
indicated in Table 5, wheel No. 1 was subjected, all told, to 150 ap-
plications, for which the accumulated mileage was 2985. Wheels Nos.
2 and 3 were each given 30 applications, all at 3000 pounds shoe pres-
sure, representing 600 miles; while wheels Nos. 5, 6 and 7 were sub-
jected, under 3000 pounds pressure, to 20 applications each, equivalent
to 400 miles.
8. General Test Procedure.-In preparation for the early tests on
wheel No. 1 the wheel was mounted on the testing machine shaft and
its tread there ground to as true a circle as then seemed necessary;
that is, to a diameter variation of not over 0.001 of an inch. The
weights on the lever system were then adjusted to produce the de-
sired shoe pressure. In tests of this wheel at 1000 and 1500 pounds
(series 3500 and 3501) difficulty was experienced due to eccentricity of
the tread which developed because of unequal heating of the wheel.
When hot it was out of round by as much as 0.01 of an inch, although
it resumed its original form when cooled. This eccentricity was
troublesome in the operation of the machine; but, what is more im-
portant, it caused an unequal distribution of heat in the wheel, be-
cause the shoe did more work on the high than on the low section of
the tread.
For this reason the wheel, before being tested at higher pressures,
was ground with greater care, the tolerable variation in diameter
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being this time 0.0005 of an inch. The preliminary grinding of all
other wheels was subsequently carried out with this same degree of
accuracy. While the previous difficulty was thus avoided, the use of
higher shoe pressures introduced a new one; for, after a few applica-
tions at 2000 pounds, shoe material was deposited here and there on
the wheel tread and glazed spots developed in these places. Such
spots had not appeared at all during tests at 1000 pounds pressure;
and only toward the end of the series at 1500 pounds. They caused
unequal heat distribution in the wheel (probably because of a lower
coefficient of friction at these glazed areas), and again deformed the
roundness of the tread. During subsequent tests on wheel No. 1-
those at 3000 and 4000 pounds pressure-these glazed spots were re-
moved after each application by polishing the tread with a sand-
filled cleaning shoe, and then rubbing it lightly with an emery block.
The emery block alone was found to suffice, and after each test with
all the other wheels the glazed spots were removed by holding the
block against the revolving tread.
In each of the 270 individual tests the testing machine was brought
up to the desired speed, the brake was applied, and the wheel was kept
running at uniform speed by manipulating the engine throttle. After
running the desired time the machine was stopped. In tests for which
subsequent temperature observations were not needed, the wheel was
then cooled by revolving it slowly in an air blast. In those tests in
which temperature readings were to be taken the wheel remained at
rest, and the air blast was not used.
As previously stated, the tangential pull of the brake shoe is
transmitted to a dynamometer which makes a graphical record of the
pull. The integrator with which the machine is equipped makes a
record of the area under this pull curve, which is proportional to the
work performed by the shoe upon the wheel. The dynamometer chart
also bears a time record which distinguishes one-second intervals. The
records of pull, work, and time were taken during one minute at the
beginning of the application, for the first minute of each subsequent
ten-minute interval, and during the last two minutes of the test. In
addition, the number of revolutions of the wheel and of the integrator
counter were recorded at five-minute intervals during the run, as well
as at its beginning and end. These data permit the calculation of
tangential pull, coefficient of friction of the shoe, and the work per-
formed by it.
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9. Procedure for Measurement of Temperature and Strains.-At-
tention is again directed to the fact that temperature and strain obser-
vations were made on wheel No. 1 only. During 11 of the 150 tests run
with this wheel, temperature observations were made, but without any
measurements of strains. This was for the purpose of studying the
variable distribution of heat in the wheel, which, in the earlier tests,
caused the eccentricity to which reference has been made in Section 8.
During 38 tests run with this wheel strains were measured, and also the
corresponding temperatures, for the ultimate purpose of calculating the
stresses developed.
In the eleven temperature distribution tests the temperatures were
read while the wheel was running. In the temperature-strain tests the
procedure was as follows: Temperature readings and gage-line
measurements were taken immediately before the test; and the former
were repeated at ten-minute intervals during its progress. When the
test period was ended the brake shoe was released, and the wheel and
the other revolving parts of the machine were allowed to drift to a
stop. For the tests at 25 miles per hour this drifting period was about
two minutes; for those at 15 miles, about one minute. As soon as the
wheel came to rest the gage-lines were measured and temperature
readings were taken; and these measurements and readings were re-
peated every ten minutes throughout the cooling period, which ended
when temperatures throughout the wheel had become approximately
alike. This cooling, as has been stated, went on in the still air of the
laboratory, without the use of the air blast.
It was originally the intention, when planning to take these tem-
perature-strain data, to record each time the readings for all 19
thermocouples and the measurements from the 40 corresponding gage-
lines. This, however, proved to be impracticable; for the time required
for all these strain measurements was so great that they could not
be properly correlated with the temperature data. For this reason
the temperature-strain observations taken for any one test are limited
to measurements taken on both wheel faces in either one or the other
of the two radial gage-line planes, or to those derived from the 8 gage-
lines and 8 couples located in the rim of the wheel.
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IV. RESULTS OF TESTS
For the study of the endurance of the wheels under repeated brake
applications, the treads were periodically examined and photographed;
the condition of the checks and cracks was observed, and their number
recorded. While the attempt is here made to express these observations
verbally and to summarize them in tabular form, chief reliance is
placed upon the accompanying reproductions of photographs and
drawings to convey this information. The results of the temperature-
strain determinations are likewise presented graphically, and the
maximum strains found are cited in Table 9.
10. Results of Tread Endurance Determinations.-Wheel No. 1 was
subjected successively to pressures of 1000, 1500, 2000, 3000, and 4000
pounds. The ninety brake shoe applications at the lowest three
pressures (30 each) did not greatly damage the tread of this wheel.
A few small checks developed during the tests at 1000 and 1500
pounds; and a few more, together with a few small cracks, were
produced during the 2000-pound series.
After the 3000-pound series a large number of heat checks and
cracks were found on the tread of this wheel. Thirty-two of the cracks
were longer than 2% inches, which is the condemning limit specified
in the Wheel and Axle Manual of the Association of American Rail-
roads. When again examined, after the tests at 4000 pounds shoe pres-
sure, 92 cracks over 2% inches in length were found. None of them ex-
tended into the throat or the flange, although 16 ran to the outside edge
of the wheel rim.
Figure 4 presents reproductions of 5 scaled drawings of the entire
tread of wheel No. 1, which show the condition of the tread after
the completion of each of the five test series; that is, after being
successively subjected to each of the five pressures cited. The pro-
gressive deterioration of the tread of this wheel is also shown in the
series of photographs which are reproduced in Figs. 6 to 8 inclusive.
From this series, however, illustrations of the tread of this wheel after
the tests at 1000 pounds shoe pressure (Series 3500) are omitted, since
this pressure produced no visible damage. The photographs, although
they show only a small portion of the tread, are fairly characteristic
of its condition throughout the circumference. The photographs repro-
duced in Figs. 6 to 8 were taken at thermocouple No. 14. The black
lines shown in these (and subsequent) tread illustrations are reference
lines drawn from a thermocouple or quadrant, in order to facilitate
comparisons between successive photographs of each series.
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TABLE 6
RECORD OF CRACKS LONGER THAN 2% INCHES ON THE TREADS OF WHEELS
Nos. 2, 3, 5, 6, AND 7
Wheel 2 Wheel 3 Wheel 5 Wheel 6 Wheel 7
After After After After Number After
Ap lica- Number A Ii Number A Number Number Numberla- pplica- pplica- Applica- of Applica- of
tion O tf of tin
ono Cracks Non Cracks Non Cracks ton Cracks ton Cracks
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
9 23
10 None 10 None 10 None 10 None
16 43 16 38 .. .. 15 48 15 95
20 97 20 73 20 98 20 71 20 116
25 106 25 106
30 120 30 111 .. .. ..
It will be recalled that the other wheels, Nos. 2, 3, 5, 6, and 7, were
tested at 3000 pounds shoe pressure only; Nos. 2 and 3 being given 30
applications each-equivalent to 600 miles of braking, while Nos. 5,
6 and 7 were given 20 applications each-equivalent to 400 miles.
Table 6 shows for each of these wheels the number of cracks longer
than 2% inches which developed in its tread at various stages of its
testing. Figure 5 reproduces scaled drawings of the treads of each of
these wheels after the work with it had been completed. The progress
of their checking and cracking is shown by the reproductions of
photographs which constitute Figs. 9 to 13 inclusive. These show
for each wheel the condition of a section of its tread after each five
shoe applications; that is, after the equivalent of each 100 miles of
brake application. The relation of these figures to the wheels is as
follows:
Figure 9 relates to wheel No. 2.
Figure 10 relates to wheel No. 3.
Figure 11 relates to wheel No. 5.
Figure 12 relates to wheel No. 6.
Figure 13 relates to wheel No. 7.
Of the photographs of the tread of wheel No. 2, those for Figs. 9b-9f
were taken of the same section of the tread; whereas that for Fig. 9a
was taken of a section about 13 inches away therefrom. For each of
the other wheels the related photographs are of the same section of
the wheel tread.
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FIG. 6. CONDITION OF TREAD OF WHEEL NO. 1 AFTER TESTS,
SERIES 3501-30 AND 3502-30
During each application the brake shoe was continuously applied for a distance of 20 miles,
with the wheel running constantly at 25 m.p.h.
(a) After 60 applications-30 applications with 1000 lb., and 30 with 1500 lb. shoe pressure,
making a total distance of 1200 miles with the brake applied.
(c) After 90 applications-30 applications with 1000 lb., 30 with 1500 lb., and 30 with 2000
lb. shoe pressure, making a total distance of 1800 miles with the brake applied.
(b) and (d) The same as (a) and (c) but after grinding the tread.
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FIG. 7. CONDITION OF TREAD OF WIEEL NO. 1 AFTER TESTS,
SERIES 3503-15 AND 3503-30
During each application the brake shoe was continuously applied for a distance of 20 miles,
with the wheel running constantly at 25 m.p.h.
(a) After 105 applications-30 applications with 1000 lb., 30 with 1500 lb., 30 with 2000 lb.,
and 15 with 3000 lb. shoe pressure, making a total distance of 2100 miles with the brake applied.(c) After 120 applications-30 applications with 1000 lb., 30 with 1500 lb., 30 with 2000 lb.,
and 30 with 3000 lb. shoe pressure, making a total distance of 2400 miles with the brake applied.(b) and (d) The same as (a) and (c) but after polishing the tread.
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FIG. 8. CONDITION OF TREAD OF WHEEL No. 1 AFTER APPLICATIONS Nos. 5, 10, 15,
AND 20 OF THE 3504 TEST SERIES, AFTER POLISHING TREAD
(a) After 125 applications-30 applications with 1000 lb., 30 with 1500 lb., 30 with 2000 lb.,
and 30 with 3000 lb. shoe pressure, with the wheel running continuously at 25 m.p.h., and 5
applications with 4000 lb. at 15 m.p.h. During each application the brake shoe was applied for
a distance of 20 miles, making a total distance of 2500 miles with the brake applied.
(b) Same as (a) but with 4 additional applications of 20 miles each and one of 12.5 miles,
all at 15 m.p.h. with 4000 lb. shoe pressure, making a total distance of 2592.5 miles with the
brake applied.
(c) Same as (b) but with 5 additional applications of 20 miles each at 15 m.p.h. with 4000
lb. shoe pressure, making a total distance of 2692.5 miles with the brake applied.
(d) Same as (c) but with 4 additional applications of 20 miles each and one of 12.5 miles,
all at 15 m.p.h. with 4000 lb. shoe pressure, making a total distance of 2785 miles with the
brake applied.
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FIG. 8 (CONCLUDED). CONDITION OF TREAD OF WHEEL No. 1 AFTER APPLICATIONS
Nos. 25 AND 30 OF THE 3504 TEST SERIES, AFTER POLISHING TREAD
(e) Same as Fig. 8 (d) but with 5 additional applications of 20 miles each at 15 m.p.h.
with 4000 lb. shoe pressure, making a total distance of 2885 miles with the brake applied.
(f) Same as (e) but with 5 additional applications of 20 miles each at 15 m.p.h. with 4000
lb. shoe pressure, making a total distance of 2985 miles with the brake applied.
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FIG. 9. CONDITION OF TREAD OF WHEEL No. 2 AFTER APPLICATIONS Nos. 5, 10, 15,
AND 20 OF THE 3505 TEST SERIES, AFTER POLISHING TREAD
During each application the brake shoe was continuously applied with 3000 lb. pressure for
a distance of 20 miles, with the wheel "running constantly at 25 m.p.h.
(a) After 5 applications, making a total distance of 100 miles.
(b) After 10 applications, making a total distance of 200 miles.
(c) After 15 applications, making a total distance of 300 miles.
(d) After 20 applications, making a total distance of 400 miles.
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FIG. 9 (CONCLUDED). CONDITION OF TREAD OF WHEEL No. 2 AFTER APPLICATIONS
Nos. 25 AND 30 OF THE 3505 TEST SERIES, AFTER POLISHING TREAD
(e) After 25 applications, making a total distance of 500 miles.
(f) After 30 applications, making a total distance of 600 miles.
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FIG. 10. CONDITION OF TREAD OF WHEEL No. 3 AFTER APPLICATIONS Nos. 5, 10, 15,
AND 20 OF THE 3506 TEST SERIES, AFTER POLISHING TREAD
During each application the brake shoe was continuously applied with 3000 lb. pressure for
a distance of 20 miles, with the wheel running constantly at 25 m.p.h.(a) After 5 applications, making a total distance of 100 miles.
(b) After 10 applications, making a total distance of 200 miles.
(c) After 15 applications, making a total distance of 300 miles.(d) After 20 applications, making a total distance of 400 miles.
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FIG. 10 (CONCLUDED). CONDITION OF TREAD OF WHEEL NO. 3 AFTER APPLICATIONS
Nos. 25 AND 30 OF THE 3506 TEST SERIES, AFTER POLISHING TREAD
(e) After 25 applications, making a total distance of 500 miles.
(f) After 30 applications, making a total distance of 600 miles.
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FIG. 11. CONDITION OF TREAD OF WHEEL No. 5 AFTER APPLICATIONS Nos. 5, 10, 15,
AND 20 OF THE 3509 TEST SERIES, AFTER POLISHING TREAD
During each application the brake shoe was continuously applied with 3000 lb. pressure for
a distance of 20 miles, with the wheel running constantly at 25 mn.p.h.
(a) After 5 applications, making a total distance of 100 miles.
(b) After 10 applications, making a total distance of 200 miles.
(c) After 15 applications, making a total distance of 300 miles.
(d) After 20 applications, making a total distance of 400 miles.
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FIG. 12. CONDITION OF TREAD OF WHEEL No. 6 AFTER APPLICATIONS Nos. 5, 10, 15,
AND 20 OF THE 3510 TEST SERIES, AFTER POLISHING TREAD
During each application the brake shoe was continuously applied with 3000 lb. pressure for
a distance of 20 miles, with the wheel running constantly at 25 m.p.h.
(a) After 5 applications, making a total distance of 100 miles.
(b) After 10 applications, making a total distance of 200 miles.
(c) After 15 applications, making a total distance of 300 miles.
(d) After 20 applications, making a total distance of 400 miles.
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FIG. 13. CONDITION OF TREAD OF WHEEL No. 7 AFTER APPLICATIONS NOS. 5, 10, 15,
AND 20 OF THE 3511 TEST SERIES, AFTER POLISHING TREAD
During each application the brake shoe was continuously applied with 3000 lb. pressure for
a distance of 20 miles, with the wheel running constantly at 25 m.p.h.
(a) After 5 applications, making a total distance of 100 miles.
(b) After 10 applications, making a total distance of 200 miles.
(c) After 15 applications, making a total distance of 300 miles.
(d) After 20 applications, making a total distance of 400 miles.
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Some of the principal general results of the tests of all six wheels
are presented in Table 7. This summary includes, for each of the test
series, average values of speed, coefficient of friction, total work per-
formed upon the wheels by the brake shoes, shoe wear per application,
and shoe wear per million foot-pounds of work performed. In view
of the severity of some of the test conditions, it is significant that
throughout the investigation no comby spots or shell-outs developed
on any of the wheels.
Table 8 is here presented in order to facilitate comparison of the
conditions which prevailed in these tests with conditions which might
prevail in actual service. Columns 5 and 6 of this table are headed
"Equivalent Grade Per Cent." This equivalent grade is the grade
down which a car, of the gross weight listed in the table, would
descend at the uniform speed given in column 3 when the brake shoe
pressure on each of the eight wheels of the car is that given in
column 2.
In calculating the equivalent grade for column 5 the car was
assumed to be a 40-ton capacity refrigerator car of 56 000 pounds
light weight, with a load of 40 000 pounds. A retarding effect of 5.2
pounds per ton at 25 miles per hour and of 4.4 pounds per ton at
15 miles per hour,* due to train resistance, was assumed in calculating
the equivalent grade. In calculating column 6, the same car was
assumed to be loaded to its capacity of 80 000 pounds; the retarding
effect due to train resistance in this case being 4.1 pounds per ton at
25 miles per hour, and 3.5 pounds per ton at 15 miles per hour. The
equivalent grades in all cases were assumed to be continuous tangent
grades 20 miles long.
The equivalent gross weight of car on grades of 2, 2.5 and 3 per cent
is shown in columns 7, 8 and 9. From column 7 it may be seen that
the brake action during the 3500 series corresponds to the brake
action on the wheels of a car of a gross weight of 95 000 pounds in
going down 30 separate 2-per-cent grades 20 miles long.
11. Measurements of Temperatures and Strains.-The method of
measuring temperatures and strains has been explained in Chapter III.
Such measurements were taken during 38 of the tests made on wheel
No. 1. They included all combinations of shoe pressure and speed
used on that wheel. Of these 38 tests, thirteen, which in test conditions
and results are typical of the whole group, are here presented and dis-
cussed. These 13 tests are listed in Table 9, which shows also, in
*From Bulletin 43, University of Illinois Engineering Experiment Station, "Freight Train
Resistance, Its Relation to Car Weight."
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TABLE 7
GENERAL RESULTS
Average Shoe Wear
Se t Brake Average CAverage Total Work Shoe Wear in Lb. per
Series Wheel Shoe Speede oefficient millions of per 100 Mil-
No. No e l  Pressure of Fction foot- Applica- lions Ft.
pounds tion Lb. of
lb. m.p.h. per cent lb. Work
(1) (2) (3) (4) (5) (6) (7) (8)
3500 1 1000 24.44 20.64 638.94 0.052 0.244
3501 1 1500 24.99 20.97 996.14 0.122 0.368
3502 1 2000 25.00 19.84 1257.27 0.222 0.530
3503 1 3000 25.00 15.69 1490.75 0.460 0.926
3504 1 4000 14.97 17.87 2201.22 0.695 1.091
Total work, Wheel No. 1........... 6584.32
3505 2 3000 24.99 17.15 1629.15 0.492 0.906
3506 3 3000 25.02 17.64 1677.58 0.548 0.980
3509 5 3000 24.99 16.02 1076.98 0.500 0.930
3510 6 3000 25.00 17.44 1105.02 0.463 0.838
3511 7 3000 25.00 17.96 1137.36 0.509 0.896
TABLE 8
RAILWAY OPERATING CONDITIONS SIMILAR TO CONDITIONS UNDER WHICH
TESTS WERE MADE
Equivalent Grade in
Per Cent for Cars of
Gross Weight of
48 Tons
(5)
1.988
2.890
3.575
4.191
6.177
4.555
4.679
4.273
4.629
4.755
68 Tons
(6)
1.464
2.042
2.584
3.019
4.380
3.276
3.364
3.076
3.328
3.417
Equivalent Gross Weight of Car
in Pounds on Grade of
2 Per
Cent
(7)
95 000
140 000
175 000
204 000
299 000
221 800
228 000
208 000
225 600
231 600
2.5 Per
Cent
(8)
76 600
111 000
138 000
163 000
239 000
176 800
182 000
166 000
180 000
184 800
3 Per
Cent
(9)
62 800
92 000
114 000
134 800
199 400
146 800
151 200
137 000
149 600
153 800
Series
No.
(1)
3500
3501
3502
3503
3504
3505
3506
3509
3510
3511
Brake
Shoe
Pressure
lb.
(2)
1000
1500
2000
3000
4000
3000
3000
3000
3000
3000
Average
Speed
m.p.h.
(3)
24.44
24.99
25.00
25.00
14.97
24.99
25.02
24.99
25.00
25.00
Average
Tangen-
tial Pull
lb.
(4)
206.4
314.6
396.8
470.7
714.8
514.4
529.3
480.5
523.3
538.4
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columns 11 and 12, the magnitude and location of the maximum
tensile strains produced in these tests, and in columns 5 to 8 the cor-
responding average values of equivalent mileage, coefficient of friction,
work performed by the shoe, and shoe wear.
For each of these 13 tests the complete record of temperatures
measured and the corresponding strains developed are given in
Figs. 14 to 20 inclusive. For example, the temperature-strain data
for tests Nos. 3500-17 and 3500-18 (the first pair of tests listed in
Table 9) are presented in Fig. 14. The curves in the upper left-hand
corner give the temperatures recorded during test No. 3500-17, from its
beginning to the end of the cooling period. These temperatures were
measured on one radius of wheel No. 1 (see Fig. 1). The curves in the
upper right-hand corner give the temperature measurements made
during test No. 3500-18, which was made under the same conditions
of shoe pressure and speed as prevailed in test No. 3500-17; the tem-
peratures, however, were measured along a radius at right angles to
that employed in its companion test. The lower curves show, for each
of these two tests, both the radial and the tangential strains developed
during the cooling period after the brake was released. The strains
were measured on both faces of the wheel. The strains for test No.
3500-17 appear on the left side-those for the outer face of the wheel,
at the extreme left, those for the inner face, at the left center. The
strains for test No. 3500-18 are similarly plotted on the right side of
this figure. All the strains plotted in Fig. 14 are unit strains, expressed
as inches per inch of wheel material. In this figure radial strains are
shown by the curves drawn in full lines, tangential strains, by those
drawn in broken lines.
In the upper portion of Fig. 14 are drawn curves of "Friction."
The points defining these curves are average values of the coefficient
of brake shoe friction during successive five-minute intervals of the
test, derived from the tangential pull curve produced on the dynamom-
eter record. In the upper center of this figure are curves showing the
cumulative work done by the shoe upon the wheel. These are nearly
straight lines; the variations therefrom being due to slight changes in
the coefficient of shoe friction during the progress of the tests.
The foregoing explanations and comments for Fig. 14 apply to the
first pair of tests listed in Table 9, namely, Nos. 3500-17 and 3500-18.
If, from Table 9, test No. 3503-25 be omitted, these explanations and
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comments apply equally, for each successive pair of tests in the table,
to Figs. 14 to 19 inclusive. These relationships are as follows:
Figure 14 relates to tests 3500-17 and 3500-18.
Figure 15 relates to tests 3501-22 and 3501-25.
Figure 16 relates to tests 3502-27 and 3502-28.
Figure 17 relates to tests 3503-5 and 3503-17.
Figure 18 relates to tests 3504-1 and 3504-5.
Figure 19 relates to tests 3504-6 and 3504-16.
The remaining figure in this sequence, Fig. 20, applies to test No.
3503-25; and shows the temperatures and the tangential strains in the
rim of wheel No. 1.
Recurring to Table 9, we find that the maximum radial tensile
strains disclosed by these data occur always at either gage-line 0-6-R
or gage-line 0-13-R, both of which were located on the outer face of
the wheel, near the curved junction of the plate with the hub. In all
the tests the maximum radial strain produced was a tensile strain
of 0.0043 inches per inch which occurred in test No. 3504-6, run at
4000 pounds pressure and 15 miles per hour, with the shoe applied for
50 minutes. Figure 21 shows the general distribution and the general
relative magnitude of the radial strains set up on both faces of the
plate of the wheel. The maximum radial tensions occur on the outer
face; while the maximum radial compressions occur on the inner
face. Passing from the rim toward the hub, the radial stress on the
inner face changes from tension to compression; whereas, on the outer
face, the surface of the plate is in moderate compression, which, after
diminishing to the neutral point, changes to greater and greater tension
as the hub is approached. All the tangential strains produced during
the investigation were relatively small, as compared with the radial
strains. The maximum strain found upon stopping the wheel increases
as the temperature difference between tread and hub increases. In
the special tests 3504-6 and 3504-16, which were of 50 minutes dura-
tion, this temperature difference and the resulting strain were greater
than those found in the regular tests of the 3504 series, which lasted
for 80 minutes.
The ultimate usefulness of these strain measurements lies in the
determination, for purposes of design, of the corresponding stresses
in the wheel material. In the tests the measured elongation of any
gage-line is in part due to the actual tension in the material and in
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FIG. 21. NATURE, LOCATION, AND MAGNITUDE OF RADIAL SURFACE STRAINS INDUCED
IN WHEEL No. 1 DURING TEST 3503-17, WHICH WAS RUN AT 25 MILES PER
HOUR WITH SHOE APPLIED AT 3000 POUNDS PRESSURE FOR 48 MINUTES
part to its expansion under the increase in temperature. To find the
net elongation due to the tension alone, the total measured deforma-
tion must be diminished by the expansion due to the rise in tempera-
ture. This adjustment entails a knowledge of the thermal expansion of
the wheel material, which, in this instance, is provided by the curve
shown in Fig. 23 in the Appendix. The net deformation, thus de-
termined, may be converted into stress by means of the stress-strain
curves of Fig. 24. Neglecting the effects of combined stresses,* the
maximum stress found in this investigation was a radial tension of
23 300 pounds per square inch, which corresponds to the maximum
strain of 0.0043 inches per inch referred to, and which occurred in
test No. 3504-6.
12. Supplementary Temperature Determinations.-Early in the
investigation it was observed that upon stopping the wheel after a
brake application, the temperature on the tread and near the rim
decreased rapidly; whereas temperatures of the plate of the wheel
near the hub began to increase, and continued to do so at an ac-
celerated rate. The explanation for this was sought in the assumption
that the rate of heat transfer from the wheel plate must have been
considerably less when quiet than when revolving on the machine.
In order to check this assumption, four tests were made, during which
*For explanation of the effects of combined stresses, see University of Illinois Engineering
Experiment Station Bulletin 294, which is referred to in Chapter I of this bulletin.
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the wheel was kept running after the brake was released, and tempera-
tures were measured on the running wheel. The results of two of these
tests are shown in Fig. 22. In both tests the wheel was run at 25 miles
per hour during both the application and the cooling periods. The
shoe pressure in one test was 1500 pounds, in the other, 2000 pounds.
In this figure it may be observed that while the temperature of ther-
mocouple No. 7, located near the hub, continued to increase after the
release of the brake, this increase was at a rate less than that which
prevailed while the brake was still applied; and it ceased about 12 or
15 minutes after the release.
V. SUMMARY AND CONCLUSIONS
The main purpose of the tests was to determine the resistance of
the treads of chilled iron car wheels to heat checking and cracking
under long-continued brake applications. A secondary purpose was to
find the strains produced throughout one of the wheels under such
applications.
13. Tread Endurance.-Six wheels were tested; No. 1, at shoe pres-
sures of 1000, 1500, 2000, 3000, and 4000 pounds; Nos. 2, 3, 5, 6, and
7, at 3000 pounds only. Wheel No. 1 was subjected to 30 applications
at each of the five pressures-for the first, four, at a speed of 25 miles
per hour; for the last, at 15 miles per hour. With two exceptions, each
application lasted long enough to produce a travel of the wheel tread
equivalent to a 20-mile run on the road. The tests of the other five
wheels were all made at 25 miles per hour and their duration was
48 minutes, which also produced a tread travel equivalent to 20 miles.
Upon the conclusion of the tests, wheels Nos. 1, 2, 3, 5, 6, and 7 had
completed, under brake application, equivalent mileages of 2985, 600,
600, 400, 400, and 400 miles, respectively.
Pressures of 1000, 1500, and 2000 pounds did not damage the
tread of wheel No. 1 to any considerable extent; only a few heat
checks and small cracks having developed during the tests at those
pressures. The tests at 3000 pounds shoe pressure, on the other hand,
damaged all six wheels, developing in their treads numerous checks
and cracks, many of the latter being longer than 2/4 inches, which is
the current rejection limit. The pressure of 4000 pounds, applied to
wheel No. 1, caused additional damage to its tread. No comby spots
or shell-outs developed on any of the wheels during the entire in-
vestigation. These results are illustrated and discussed in detail in
Section 10 of Chapter IV.
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14. Strains Developed.-Strains and temperatures were measured
on wheel No. 1 only. They were determined under all the combinations
of shoe pressure and speed to which this wheel was subjected. The
most important strain set up under the various long-continued brake
applications is a radial tensile strain on the outer face of the plate,
near the hub of the wheel. This strain was not severe at the lower
shoe pressures; but it increased rapidly with the pressure. The maxi-
mum strain occurred during tests at 4000 pounds shoe pressure.
Neglecting the effect of combined stresses, this strain was equivalent
to a stress of 23 300 pounds per square inch. The strains and tempera-
tures produced during the investigation are fully discussed in Section
11 of Chapter IV.
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APPENDIX
As stated in Chapter IV, in order to convert the measured strains
in wheel No. 1 to stresses, it was necessary to determine for the wheel
material its rate of thermal expansion, and also its stress-strain
relations.
For the determination of the rate of expansion of the material
with increasing temperature, specimens were taken from the plate of
the wheel. They were right circular cones, approximately 18 of an inch
in diameter and % of an inch high. Their expansion was determined,
by means of an interferometer, through a temperature range of 80
to 700 deg. F. Throughout this range the rate of heating was two
degrees per minute. The results are presented in the curve shown
in Fig. 23. As stated in the Introduction, this work was done by Mr.
C. L. THOMPSON, of the Department of Ceramics.
To find the relations between strain and stress, both tension and
compression tests were made on material cut from the plate of the
wheel-three for the tension tests, and two for the compression tests.
The tension specimens were standard half-inch test pieces. The long
axis of specimen No. 1 had lain in the wheel in a "tangential" di-
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rection; whereas the long axes of specimens Nos. 2 and 3 had lain along
wheel radii. The compression specimens were cylinders one inch in
diameter and three inches long. The long axis of each of these two
specimens had lain along a radius of the wheel-plate. The tension tests
were made on a 100 000-pound Amsler testing machine, and the strains
were measured by means of an Olsen extensometer. For the compres-
sion tests a 300 000-pound Olsen testing machine and a Moore ex-
tensometer were employed. Both series of tests were carried out at
room temperature. The stress-strain relations thus determined, to-
gether with the ultimate strength of the material, are given in Fig.
24. The upper curves apply when the material is in tension; the lower,
when it is in compression. This work was done by Mr. R. L. BROWN,
of the Department of Theoretical and Applied Mechanics.
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the Photoelastic Method, by Paul H. Black. 1936. Forty cents.
Bulletin No. 289. The Use of an Elbow in a Pipe Line for Determining the Rate
of Flow in the Pipe, by Wallace M. Lansford. 1936. Forty cents.
Bulletin No. 290. Investigation of Summer Cooling in the Warm-Air Heating
Research Residence, by Alonzo P. Kratz, Maurice K. Fahnestock, and Seichi Konzo.
1937. One dollar.
Bulletin No. 291. Flexural Vibrations of Piezoelectric Quartz Bars and Plates,
by J. Tykocinski Tykociner and Marion W. Woodruff. 1937. Forty-five cents.
Reprint No. 10. Heat Transfer in Evaporation and Condensation, by Max
Jakob. 1937. Thirty-five cents.
*Circular No. 28. An Investigation of Student Study Lighting, by John 0.
Kraehenbuehl. 1937. Forty cents.
*Circular No. 29. Problems in Building Illumination, by John 0. Kraehenbuehl.
1937. Thirty-five cents.
*Bulletin No. 292. Tests of Steel Columns; Thin Cylindrical Shells; Laced
Channels; Angles, by Wilbur M. Wilson. 1937. Fifty cents.
*Bulletin No. 293. The Combined Effect of Corrosion and Stress Concentration
at Holes and Fillets in Steel Specimens Subjected to Reversed Torsional Stresses,
by Thomas J. Dolan. 1937. Fifty cents.
*Bulletin No. 294. Tests of Strength Properties of Chilled Car Wheels, by
Frank E. Richart, Rex L. Brown, and Paul G. Jones. 1937. Eighty-five cents.
*Bulletin No. 295. Tests of Thin Hemispherical Shells Subjected to Internal
Hydrostatic Pressure, by Wilbur M. Wilson and Joseph Marin. 1937. Thirty-five
cents.
*Circular No. 30. Papers Presented at the Twenty-fourth Annual Conference on
Highway Engineering, Held at the University of Illinois, March 3-5, 1937. 1937.
Fifty cents.
*Bulletin No. 296. Magnitude and Frequency of Floods on Illinois Streams, by
George W. Pickels. 1937. Seventy cents.
*Bulletin No. 297. Ventilation Characteristics of Some Illinois Mines, by Cloyde
M. Smith. 1937. Eighty cents.
*Bulletin No. 298. Resistance to Heat Checking of Chilled Iron Car Wheels,
and Strains Developed Under Long-continued Application of Brake Shoes, by Edward
C. Schmidt and Herman J. Schrader. 1937. Fifty-five cents.
*A limited number of copies of bulletins starred are available for free distribution.
UNIVERSITY OF ILLINOIS
Colleges and Schools at Urbana
COLLEGE OF LIBERAL ARTS AND SCIENCES.-General curriculum with majors in the hu-
manities and sciences; specialized curricula in chemistry and chemical engineering;
general courses preparatory to the study of law and journalism; pre-professional
training in medicine, dentistry, and pharmacy.
COLLEGE OF COMMERCE AND BUSINESS ADMINISTRATION.-Curricula in general business,
trade and civic secretarial service, banking and finance, insurance, accountancy,
transportation, commercial teaching, foreign commerce, industrial administration,
public utilities, and commerce and law.
COLLEGE OF ENGINEERING.-CurricUla in agricultural engineering, ceramics, ceramic en-
gineering, chemical engineering, civil engineering, electrical engineering, engineer-
ing physics, general engineering, mechanical engineering, metallurgical engineering,
mining engineering, and railway engineering.
COLLEGE OF AGRICULTURE.-Curricula in agriculture, floriculture, general home econom-
ics, and nutrition and dietetics.
COLLEGE OF EDUCATION.-Curricula in education, agricultural education, home econom-
ics education, and industrial education. The University High School is the practice
school of the College of Education.
COLLEGE OF FINE AND APPLED ARTs.-Curricula in architecture, landscape architecture,
music, and painting.
COLLEGE OF LAw.-Professional curriculum in law.
SCHOOL OF JOURNALISM.-General and special curricula in journalism.
SCHOOL OF PHYSICAL EDUCATION.-Curricula in physical education for men and for
women.
LIBRARY SCHOOL.-Curriculum in library science.
GRADUATE ScHooL.-Advanced study and research.
University Extension Division.-For a list of correspondence courses conducted
by members of the faculties of the colleges and schools at Urbana and equiva-
lent to courses offered to resident students, address the Director of the Division
of University Extension, 109 University Hall, Urbana, Illinois.
Colleges in Chicago
COLLEGE OF. MDICINE.-Professional curriculum in medicine.
COLLEGE OF DENTISTRY.-Professional curriculum in dentistry.
COLLEGE OF PHARMACY.-Professional curriculum in pharmacy.
University Experiment Stations, and Research and
Service Bureaus at Urbana
AGRICULTURAL EXPERIMENT STATION BUREAU OF BUSINESS RESEARCH
ENGINEERING EXPERIMENT STATION BUREAU OF COMMUNITY PLANNING
EXTENSION SERVICE IN AGRICULTURE BUREAU OF EDUCATIONAL RESEARCH
AND HOME ECONOMICS BUREAU OF INSTITUTIONAL RESEARCH
State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY STATE DIAGNOSTIC LABORATORY
STATE NATURAL HISTORY SURVEY (Animal Pathology)
STATE WATER SURVEY UNITE STATES WEATHER BUREAU
STATE HIsTORICAL SURVEY STATION
For general catalog of the University, special circulars, and other information, address
THE REGISTRAR. UNIVERSrITY OF ILLINOIS
URBANA, ILLINOIS

